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Adolescence  is  marked  by a steep  increase  in  risk-taking  behavior.  The  serious  consequences  of  such
heightened  risk  taking  raise  the  importance  of  identifying  protective  factors.  Despite  its dynamic  change
during  adolescence,  family  relationships  remain  a key source  of inﬂuence  for teenagers.  Using  a  longitu-
dinal  fMRI  approach,  we  scanned  23  adolescents  twice  across  a 1.5-year  period  to examine  how  changes
in  parent–child  relationships  contribute  to changes  in adolescent  risk  taking  over time  via  changes  in  ado-
lescents’  neural  reactivity  to rewards.  Results  indicate  that  although  parent–child  relationships  are  notdolescence
arent–child relationships
isk taking
MRI
associated  with  adolescent  risk  taking  concurrently,  increases  in  positive  parent–child  relationships  con-
tribute  to declines  in  adolescent  risk  taking.  This  process  is mediated  by  longitudinal  decreases  in  ventral
striatum  activation  to  rewards  during  risk  taking.  Findings  highlight  the neural  pathways  through  which
improvements  in  positive  parent–child  relationships  serve  to buffer  longitudinal  increases  in adolescent
risk  taking.
Published by Elsevier  Ltd.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://Adolescence is a time of dramatic changes in brain, behav-
oral, and psychological functioning. A key change during this
hase of development is a steep rise in risk taking. Compared with
ounger children, adolescents tend to engage in a variety of risky
ehaviors, such as reckless driving, substance use, and unprotected
exual activity (Arnett, 1992; Karriker-Jaffe et al., 2008), resulting
n signiﬁcant increases in morbidity and mortality rates in an oth-
rwise healthy developmental period (e.g., National Vital Statistics
eport, 2011). It is therefore crucial to identify protective factors
hat can prevent these upward trajectories of risk-taking behav-
or. Given the important role of family relationships in adolescents’
djustment (Collins and Steinberg, 2006; Smetana et al., 2006), the
urrent study aimed to examine how changes in family relation-
hips during the teen years inﬂuence trajectories of adolescent risk
aking through changes in neural reactivity.
During adolescence, youth tend to individuate from their fam-
ly and become more oriented toward peers (Collins and Steinberg,
006; Nelson et al., 2005). Indeed, dramatic changes in parent–child
elationships are well-documented (Keijsers and Poulin, 2013;
∗ Corresponding author at: 603 East Daniel Street, Champaign, IL 61820, USA.
E-mail address: yangqu3@illinois.edu (Y. Qu).
ttp://dx.doi.org/10.1016/j.dcn.2015.08.005
878-9293/Published by Elsevier Ltd. This is an open access article under the CC BY-NC-Ncreativecommons.org/licenses/by-nc-nd/4.0/).
Laursen et al., 1998; Loeber et al., 2000; McGue et al., 2005).
While normative patterns may  characterize family relationships as
increasing in negativity during adolescence (Laursen et al., 1998;
Tsai et al., 2013), this is also a time during which some ado-
lescents experience improvements in the quality of their family
relationships, including more positive interactions, greater feel-
ings of cohesion, and a heightened sense of family identity (e.g.,
Steinberg, 2001). The changing nature of parent–child relationships
may  serve an important protective role for adolescents’ psycholog-
ical well-being. Indeed, positive parent–child relationships are a
key factor related to reduced adolescent risk taking. For example,
greater parental support and child disclosure to parents are asso-
ciated with adolescents’ lower problem behavior, such as drinking,
delinquency, and drug use (Jessor et al., 2003; Stattin and Kerr,
2000), and lower rates of parent–child conﬂict are associated with
less externalizing symptoms, conduct problems, and antisocial
behavior (Burt et al., 2006; Klahr et al., 2011a,b). Thus, higher qual-
ity family relationships serve to buffer adolescents from engaging
in risk-taking behavior.Theories and empirical studies on adolescent brain develop-
ment suggest that increases in risk taking during adolescence
may occur, in part, due to increased activation in reward-related
regions. The development of the reward system, and the ventral
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The scores of parental support, child disclosure, and
parent–child conﬂict were correlated: greater parental sup-
port was  associated with greater child disclosure (T1: r = .44,
p < .05; T2: r = .51, p = .01) and lower family conﬂict (T1: r = −.50,
1 This sample is a subsample of a larger study of 48 adolescents who completed
a  scan at T1. Prior data from the full sample at T1 with the BART data have beenY. Qu et al. / Developmental Cog
triatum in particular, develops relatively early, peaking in neural
eactivity around adolescence (Casey et al., 2008; Steinberg, 2008).
merging evidence has shown that the social environment, such
s parents and peers may  play a role in adolescent brain function
uring risk taking. For example, prior research shows that negative
nvironmental factors, such as in the presence of peers, amplify
dolescents’ ventral striatum activation, leading to greater risk-
aking behavior (Chein et al., 2011). In contrast, the presence of
others serves as a protective factor by reducing adolescents’ ven-
ral striatum activation during risk taking (Telzer et al., in press).
owever, little is known about how the quality of parent–child
elationships or how changes in relationship quality contribute to
ongitudinal changes in adolescents’ neural sensitivity to risk tak-
ng.
Several prior studies have demonstrated that early family rela-
ionships impact children’s brain development. For example, early
aternal deprivation and severe parental neglect or abuse in young
hildren is associated with altered ventral striatum activity dur-
ng adolescence (Goff et al., 2013; Hart and Rubia, 2012; Mehta
t al., 2010). Thus, early parent–child relationships may  inﬂu-
nce adolescent brain development in the long run. However, no
rior studies have carefully examined how changes in parent–child
elationships during later development affect adolescents’ neu-
al reactivity. Given that family relationships change substantially
uring adolescence, a time when the brain is highly sensitive to
ociocultural processing (Blakemore and Mills, 2014), it is key to
nderstand how the changing nature of these relationships may
ffect adolescents’ risk taking and neural sensitivity over time.
We sought to examine how changes in positive parent–child
elationships are associated with changes in adolescents’ neural
ensitivity to rewards and changes in their risk-taking behavior
ver time. To this end, we used a longitudinal design in which ado-
escents completed an fMRI scan twice, approximately 1.5 years
part. We  focus on middle to late adolescence, because this is a
ime when adolescents are given more autonomy for decision mak-
ng (Wray-Lake et al., 2010), and therefore have more opportunities
o engage in risky behaviors. Moreover, their family relationships
ay  also witness important changes. For example, prior studies
ave shown changes in the time adolescents spend with their par-
nts, and adolescents’ perceptions of relationships with parents
ontinue to change during this phase of development (De Goede
t al., 2009; Lam et al., 2012). In particular, adolescents report
igniﬁcant declines in their sense of family cohesion and family
dentity declines that tend to taper off at 12th grade (Tsai et al.,
013). Moreover, although many studies have demonstrated a rise
n risk-taking behavior as children enter early adolescence, risk tak-
ng and reward seeking also show large changes from middle to
ate adolescence (Steinberg, 2010). Thus, it is important to exam-
ne individual differences in such changes and the neural correlates
ssociated with such changes.
In the current study, we examined whether changes in
arent–child relationships contribute to changes in adolescent
isk taking. We hypothesized that greater increases in positive
arent–child relationships from Time 1 (T1) to Time 2 (T2) would
e associated with greater declines in adolescent risk-taking behav-
or during this same period. Second, we investigated how changes
n positive parent–child relationships are associated with longitu-
inal changes in adolescents’ neural reactivity to rewards during
isk taking. Given the important role of the ventral striatum in
eward processing, we hypothesized that greater increases in pos-
tive parent–child relationships from T1 to T2 would be associated
ith declines in ventral striatum activation during risk taking from
1 to T2. Finally, we conducted mediation analyses to test whether
ongitudinal changes in neural activation explain the link between
hanges in positive parent–child relationships and changes in ado-
escent risk taking. We  hypothesized that greater increases in Neuroscience 15 (2015) 26–34 27
positive parent–child relationships would contribute to greater
declines in adolescent risk-taking behavior through changes in neu-
ral reactivity to rewards over time.
1. Method
1.1. Participants
A community sample of 24 adolescents1 completed two fMRI
scans, approximately 1.5 years apart, a developmental window
characterized by signiﬁcant changes in brain function (Van den
Bulk et al., 2013). One participant was excluded from analyses
due to excessive head movement (i.e., >2.5 mm).  All participants
were recruited from one public high school and were in the 10th
or 11th grade at T1 and in the 11th or 12th grade at T2. Our
ﬁnal sample comprised 23 adolescents (15 girls; Mage T1 = 15.78
years, range = 15.34–17.13 years, SD = .60; Mage T2 = 17.13 years,
range = 16.43–18.42 years, SD = .70). Participants were not cur-
rently taking any medications and did not report being diagnosed
with any mood disorders. Most participants were from low-SES
families. A majority of fathers (87%) and mothers (91%) had high
school diploma or less, with an average annual family income of
$26,000 (range = $10,000–53,200). Participants completed written
consent and assent in accordance with the University’s Institutional
Review Board.
1.2. Positive parent–child relationships
To obtain a full scope of family relationship quality, at both T1
and T2 adolescents reported on their sense of parental support,
disclosure to parents, and conﬂict with parents, three key aspects
that reﬂect parent–child relationships in daily life (Smetana et al.,
2006; Steinberg, 2001). Adolescents’ sense of parental support was
assessed by 9 items of the Inventory of Parent and Peer Attach-
ment (IPPA) (Armsden and Greenberg, 1987). Adolescents rated the
degree to which each item (e.g., “My  parents respected my feelings.”
and “My  parents helped me  to talk about my  difﬁculties.”) was  true
for them in the past month on a 5-point scale ranging from “almost
never or never true” to “almost always or always true”.  ˛ = .94 at
T1 and .95 at T2. Adolescents reported on their spontaneous dis-
closure to parents in the past month using 5 items (Stattin and
Kerr, 2000; e.g., “Did you spontaneously tell your parents about
your friends?” and “Did you hide a lot from your parents about
what you do during nights and weekends?”) on a 5-point scale ran-
ging from “almost never” to “almost always”.  ˛ = .74 at T1 and .81
at T2. Parent–child conﬂict was assessed by 10 items (Ruiz et al.,
1998; Telzer et al., 2014b; e.g., “You and your parents had a seri-
ous argument or ﬁght.” and “You and your parents yelled or raised
your voices at each other.”). Adolescents reported how true each
item was for them in the past month on a 5-point scale ranging
from “almost never” to “almost always”.  ˛ = .91 at T1 and .85 at T2.
The mean of parent–child conﬂict was taken, with higher scores
indicating greater parent–child conﬂict.published (e.g., Telzer et al., 2013a,b, 2014a,b, 2015). Based on factor analyses, the
measures used in the present study are distinct from measures in prior reports.
Published work from this longitudinal data using the BART task and the same sample
only focuses on the main effect of longitudinal changes in neural reactivity during
risk  taking (Qu et al., in press).
28 Y. Qu et al. / Developmental Cognitive Neuroscience 15 (2015) 26–34
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(MBW), high-resolution, anatomical scan and magnetization-
prepared rapid-acquisition gradient echo (MPRAGE) scan wereig. 1. Illustration of the Balloon Analog Risk Task. Examples of trials on the BART:
utcome. Given that our key interest is neural reactivity to rewards, we  focus on th
 < .05; T2: r = −.59, p < .01). Child disclosure was not associated
ith parent–child conﬂict (T1: r = −.09, p = .68; T2: r = −.32, p = .14).
o capture a comprehensive measure of family relationships, we
reated a composite score of positive parent–child relationships
y taking the average of parental support, child disclosure, and
everse-scored parent–child conﬂict, with higher scores indicating
ore positive parent–child relationships. This composite score can
rovide us a clearer variable by creating a more cohesive measure
sing these 3 dimensions. Because all three questionnaires are
-point scales, no further transformation was involved. To examine
ongitudinal changes in positive parent–child relationships, we
omputed a difference score representing T2 − T1. The average
ifference in the current sample was −.06, ranging from −1.13
reﬂecting declines in positive parent–child relationships) to .85
reﬂecting increases in positive parent–child relationships).
.3. fMRI Task
To examine longitudinal changes in neural sensitivity to rewards
uring risk taking, adolescents underwent an fMRI scan while com-
leting the Balloon Analog Risk Task (BART) at both T1 and T2.
ehavioral performance on the BART is associated with a variety of
ctual risky behaviors such as adolescent smoking, addiction, and
rug use (Aklin et al., 2005; Lejuez et al., 2003, 2007), suggesting
hat this task is an ecologically valid measure of real-life risk taking.
urthermore, the BART is widely used in neuroimaging studies to
xamine adolescents’ neural responses to risk taking (Chiu et al.,
012; Galván et al., 2013; Telzer et al., 2014a).
Participants completed the BART during one 9 min  self-paced
un. At the beginning of each trial, participants are presented with
 virtual red-colored balloon. By pressing corresponding buttons,
articipants can choose either a risky option (i.e., pump the bal-
oon), which results in bigger monetary rewards but a greater
robability of getting no rewards (i.e., explosion of the balloon),
r a safe option (cash out current rewards). For each successful
ump without explosion, participants receive 25 cents. However,
f the balloon explodes before cashing out, participants receive nok-taking trial with a cash-out outcome, and (b) risk-taking trial with an explosion
-out events for analyses.
payoff for that trial. The number of inﬂations before explosion is
varied probabilistically according to a Poisson distribution, which
models the unpredictable rewards and punishments of real-world
risky behaviors. As number of pumps increases during a trial, explo-
sion probability increases exponentially. The explosion point of
each balloon was  drawn from a uniform distribution from 1 to 12
pumps. After each pump, the balloon image disappeared for a jit-
tered interval of 1–3 s before the outcome, either a larger balloon
or an exploded one. There was  an interstimulus interval of vari-
able (jittered) length ranging from 1 to 12 s (M = 4 s) after the end
of each balloon (i.e., after explosion or cash-out). The payoff for
each trial is accumulated, and participants receive the total payoff
at the end of the task. To assess risk-taking behavior on the BART,
following previous studies (e.g., Lejuez et al., 2003), we examined
the number of pumps before cash-outs, with a greater number of
pumps before cash-outs indicating greater risk-taking behavior. In
addition to red-colored balloons, participants were presented with
white-colored balloons which were not associated with a reward
or possible explosion. White balloons did not explode but inﬂated
according to the same distribution as the red balloons and therefore
were not associated with risk (Fig. 1).
1.4. fMRI data acquisition
Imaging data were collected using a 3.0 Tesla Siemens Trio
MRI  scanner. The BART consisted of T2*-weighted echoplanar
images (EPI) [slice thickness, 4 mm;  34 slices; TR = 2000 ms;
TE = 30 ms;  ﬂip angle = 90◦; matrix = 64 × 64; FOV = 200 mm;  voxel
size 3 mm × 3 mm × 4 mm].  A T2*weighted, matched-bandwidthacquired for registration purposes (TR: 2.3; TE: 2.1; FOV: 256;
matrix: 192 × 192; sagittal plane; slice thickness: 1 mm;  160 slices).
The orientation for the MBW  and EPI scans was  oblique axial to
maximize brain coverage.
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.5. fMRI data preprocessing and analysis
Analyses were performed using Statistical Parametric Mapping
SPM8; Wellcome Department of Cognitive Neurology, Institute
f Neurology, London, UK). Preprocessing for each participant’s
mages included spatial realignment to correct for head motion (no
articipant exceeded 2 mm of maximum image-to-image motion
n any direction). For each participant, the realigned functional
ata at T1 and T2 were coregistered to the corresponding T1
nd T2 high resolution MPRAGE, which was then segmented into
erebrospinal ﬂuid, gray matter, and white matter. The normaliza-
ion transformation matrix from the segmentation step was  then
pplied to the functional and T2 structural images, thus trans-
orming them into standard stereotactic space as deﬁned by the
ontreal Neurological Institute and the International Consortium
or Brain Mapping. The normalized functional data were smoothed
sing an 8 mm  Gaussian kernel, full-width-at-half maximum, to
ncrease the signal-to-noise ratio.
Statistical analyses were performed using the general linear
odel in SPM8. Each trial was convolved with the canonical hemo-
ynamic response function. High-pass temporal ﬁltering with a
utoff of 128 s was applied to remove low-frequency drift in the
ime series. Serial autocorrelations were estimated with a restricted
aximum likelihood algorithm with an autoregressive model order
f 1. In the ﬁrst level-model, the preprocessed data from T1 and T2
ere concatenated, and multiple regressors were applied to sep-
rate different events: risk taking (i.e., pumps for red balloons),
eceipt of rewards (i.e., cash outs), receipt of negative outcome (i.e.,
xplosions), and control balloons (i.e., pumps on white balloons) for
1 and T2. Following prior studies (Lejuez et al., 2002), for the risk-
aking event, we used pumps on balloons that did not explode (i.e.,
umps on each balloon prior to cash-out) as the index of risk-taking
ehavior, because pumps on the explosion trials were necessarily
onstrained.
Because our key interest is adolescents’ neural reactivity to
ewards, we focus our analyses on cash-out trials (i.e., adolescents’
ecision to keep monetary rewards). Following previous studies
e.g., Telzer et al., 2013a,b), cash outs were modeled with a paramet-
ic regressor to test the linear relationship between brain activation
nd the magnitude of reward. We  used pump number as a paramet-
ic modulator, with each pump in a trial mean centered within the
ndividual. On cash-out trials, this number represented how many
umps occurred before the cash out. Thus, brain activation reﬂects
dolescents’ neural reactivity when they receive increasing mon-
tary rewards. By parametrically modulating the level of pumps
rior to cashing out, we were able to examine whether the ventral
triatum shows increasing activation as the level of reward-value
ncreases. Null events, consisting of the jittered intertrial intervals,
ere not explicitly modeled and therefore constituted an implicit
aseline.
To examine longitudinal changes in adolescents’ neural reac-
ivity when they receive increasing rewards, contrasts between T1
nd T2 were computed at the individual level. The contrast that we
ocus on is longitudinal change in neural reactivity to rewards (i.e.,
2 cash out minus T1 cash out). These individual contrast images
ere then used in all group-level analyses. To test how changes
n positive parent–child relationships are associated with changes
n neural reactivity, we conducted whole-brain regression analy-
es in which we examined how changes in positive parent–child
able 1
ean and standard deviation for variables at T1 and T2.
T1 mean (SD) T2
Positive parent–child relationships 3.25 (.71) 3.2
Mean  pumps on BART 3.44 (.97) 3.1 Neuroscience 15 (2015) 26–34 29
relationships from T1 to T2 are related to the longitudinal dif-
ference in neural activity to rewards (i.e., T2 cash out minus T1
cash out). Thus, ﬁndings from these whole-brain regressions reﬂect
the regions of the brain showing signiﬁcant association between
changes in positive parent–child relationships from T1 to T2 and
changes in neural activity during T2 − T1.
To correct for multiple comparisons, we conducted a Monte
Carlo simulation implemented using 3dClustSim in the software
package AFNI (http://afni.nimh.nih.gov/afni/), which takes into
account the size of the search space and the estimates smooth-
ness of the data. Results of the simulation indicated a voxel-wise
threshold of p < .005 combined with a minimum cluster size of 63
voxels. This joint voxelwise and cluster-size threshold corresponds
to a false-positive discovery rate of 5% across the whole brain. Given
the small structure of the ventral striatum, activity in this region
is not expected to survive a volume correction of 63 voxels. There-
fore, following previous studies (e.g., Giuliani and Pfeifer, 2015), to
investigate task-related activity in the ventral striatum, we relaxed
the cluster threshold to 20. We  used the MarsBaR toolbox to extract
parameter estimates for signiﬁcant clusters in the group-level anal-
yses. Parameter estimates of signal intensity were extracted from
the entire cluster of activation. For visualization, statistical maps of
all analyses were projected onto a T2 template. In order to take into
account potential differences driven by gender, adolescents’ gender
were controlled for in all behavioral and fMRI analyses. However,
behavioral and neuroimaging analyses without controlling for gen-
der yield identical results.
2. Results
2.1. Positive parent–child relationships and adolescent risk
taking at T1 and T2
We ﬁrst investigated adolescent risk taking at each time point.
To this end, we examined behavioral performance on the BART,
such that greater average pumps indicate greater risk taking. The
mean and standard deviation for positive parent–child relation-
ships and adolescent risk taking are presented in Table 1. We
examined mean difference and individual variability in positive
parent–child relationships and adolescent risk taking from T1 to
T2 using the repeated t test and intraclass correlation coefﬁcient
(ICC).
2.2. Increases in positive parent–child relationships relate to
declines in adolescent risk taking
We examined the associations between parent–child rela-
tionships and risk taking at each time point. Greater positive
parent–child relationships at T1 was marginally related to less
adolescent risk taking on the BART at T1, r = −.38, p = .07, but the
association between positive parent–child relationships and ado-
lescent risk taking was not signiﬁcant at T2, r = −.10, p > .05.
Next, we investigated whether changes in positive parent–child
relationships are associated with changes in adolescent risk-taking
behavior over time. To this end, we  computed a difference score for
behavioral risk taking (average pumps at T2 − T1). In line with our
hypothesis, greater increases in positive parent–child relationships
from T1 to T2 were associated with greater decreases in risk-taking
behavior over time as demonstrated by less risky behavior on the
 mean (SD) Difference between T1 and T2 ICC
4 (.73) t = .14, p = .89 .62
5 (.90) t = 1.76, p = .09 .64
30 Y. Qu et al. / Developmental Cognitive Neuroscience 15 (2015) 26–34
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Table 2
Correlation between longitudinal change in positive parent–child relationships and
longitudinal change in brain activity when receiving rewards.
Anatomical Region BA x y z t k
Right DLPFC 10/46 30 56 25 3.80 117
Right VS 12 11 −2 3.10 40
Right cuneus 18 −73 19 3.31 100
Note: BA refers to putative Broadman’s areas. x, y, and z refer to MNI  coordinates; tig. 2. Adolescents who  reported greater increases in positive parent–child rela-
ionships showed decreased risk-taking behavior on the BART over time.
ART (i.e., decreases in the average number of pumps across time;
 = −.45, p < .05; Fig. 2). We  also examined whether this association
as inﬂuenced by the starting values of adolescents’ risk taking and
arent–child relationships. We  ran partial correlations controlling
or T1 parent–child relationships and T1 risk taking. The associa-
ion between changes in parent–child relationships and changes in
isk taking remained signiﬁcant (r = −.44, p < .05), suggesting that
egardless of their starting points, greater increases in positive
arent–child relationships were associated with greater declines
n adolescent risk taking.
.3. Changes in parent–child relationships and changes in neural
eactivity
For our fMRI analyses, we ﬁrst tested the association between
arent–child relationships and adolescents’ neural reactivity to
ewards at each time point. To this end, we ran whole-brain regres-
ion analyses in which parent–child relationships at T1 (or T2) were
egressed on the contrast of cash-outs at T1 (or T2). At both T1 and
2, parent–child relationships were not associated with activation
n any brain regions.
Next, we examined the association between changes in
arent–child relationships from T1 to T2 and changes in adoles-
ents’ neural reactivity to rewards. To this end, we  computed
hole brain regression analyses with changes in parent–child
elationships (T2 − T1) regressed onto changes in neural activa-
ion (T2 − T1). As shown in Fig. 3a, greater increases in positive
arent–child relationships were related to greater longitudinal
ecreases in ventral striatum activation to rewards over time,
uggesting that more positive parent–child relationships are asso-
iated with greater decreases in sensitivity to rewards during
isk taking. In addition to the ventral striatum, adolescents who
eported increases in positive parent–child relationships from T1
o T2 showed longitudinal decreases in the DLPFC to rewards during
isk taking (Fig. 3b; Table 2).
Because participants had a different number of cash-out trials
vailable at T1 and T2, we controlled for the number of cash out
rials available at T1 and T2. With these covariates in the model,
ncreases in positive parent–child relationships continue to pre-
ict declines in risk-taking behavior over time (r = −.45, p < .05)
nd decreases in ventral striatum activation to rewards (r = −.56,
 < .01), suggesting that our ﬁndings are not driven by differences
n the number of cashed out trials at T1 and T2.refers to the t-score at those coordinates (local maxima); k refers to the number of
voxels in each signiﬁcant cluster. DLPFC = dorsolateral prefrontal cortex. VS = ventral
striatum.
We  next investigated the stability of neural changes over time.
To this end, we  extracted parameter estimates of signal intensity
from the VS and DLPFC cluster that showed signiﬁcant changes as
a function of changes in parent–child relationships at each time
point (T1 and T2). We  examined individual variability in changes
in the VS and DLPFC from T1 to T2 using the intraclass correla-
tion coefﬁcient (ICC). Consistent with prior research examining
neural stability in prefrontal and subcortical regions during adoles-
cence (Van den Bulk et al., 2013), both VS and DLPFC showed poor
reliability: T1 and T2 VS were not correlated (r = .06, p = .78) and
showed low reliability (ICC = .12), T1 and T2 DLPFC were not cor-
related (r = .21, p = .33) and showed low reliability (ICC = .34). This
suggests substantial variability in change in neural activation over
time among participants.
In addition to examining the cash-out trials, we conducted
the same analyses with the decision period (i.e., pumps). To this
end, we ran the whole brain regression analyses with changes
in parent–child relationships (T2 − T1) regressed onto changes in
neural activation during decision period (T2 pumps − T1 pumps).
Changes in parent–child relationships were not associated with
changes in the ventral striatum and PFC activation during the deci-
sion period, but were associated positively with activation in the
corpus callosum and occipital lobe.
2.4. Change in neural reactivity and change in risk taking
Next, we examined how changes in neural reactivity were
related to changes in adolescents’ risk-taking behavior on the BART.
We extracted parameter estimates of signal intensity from the VS
cluster that showed signiﬁcant changes as a function of changes
in parent–child relationships and ran partial correlation analyses
(controlling for adolescent gender) with this functional ROI in SPSS.
Consistent with our hypothesis, decreases in the ventral striatum
reactivity to rewards were associated with declines in risk-taking
behavior on the BART (r = .56, p < .01; Fig. 4). To eliminate the possi-
bility that this association was driven by adolescents’ initial level of
risk taking, we further controlled for their risk-taking behavior at
T1. The association between changes in ventral striatum activation
and changes in risk taking remained signiﬁcant (r = .54, p = .01).
2.5. Change in neural reactivity explains the link between
parent–child relationships and adolescent risk taking
Finally, we  tested if longitudinal changes in neural reactivity
mediate the link between changes in positive parent–child rela-
tionships and changes in adolescent risk taking. To this end, we ran
mediation analyses using bias-corrected bootstrapping resampling
techniques (Preacher and Hayes, 2008). The independent variable
was changes in positive parent–child relationships from T1 to T2,
the dependent variable was changes in adolescent risk taking, and
the mediator was longitudinal changes in the ventral striatum
reactivity to rewards during risk taking. Based on 1000 bootstrap
resamples, the indirect path from increases in positive parent–child
relationships to decreases in ventral striatum activation to rewards
Y. Qu et al. / Developmental Cognitive Neuroscience 15 (2015) 26–34 31
Fig. 3. Adolescents who  reported greater increases in positive parent–child relationships showed greater decreases in (a) the ventral striatum and (b) the DLPFC activation
to  rewards over time.
F
a
o
n
l
i
a
5ig. 4. Adolescents who showed greater longitudinal decrease in the ventral stri-
tum were engaged less risky behavior on the BART over time.
ver time to declines in adolescent risk-taking behavior was  sig-
iﬁcant (Fig. 5), indirect effect = −.24, 95% CI: [−.58, −.06]. The
ink between changes in parent–child relationships and changes
n adolescent risk taking was no longer signiﬁcant after taking into
ccount changes in adolescent ventral striatum activation, with a
3% reduction in the total effect. Thus, greater increases in positiveFig. 5. Changes in ventral striatum activation mediated the link between changes
in  positive parent–child relationships and changes in risk-taking behavior. *p < .05;
**p < .01.
parent–child relationships contribute to greater declines in ado-
lescent risk-taking behavior through decreases in ventral striatum
activation to rewards over time.
3. Discussion
Adolescence is a developmental period characterized by sub-
stantial increases in health-compromising risk-taking behaviors.
Such increases in negative behaviors call for efforts to iden-
tify environmental factors that can prevent adolescents from
heightened risk-taking behavior. As a key aspect of adolescents’
social relationships, parent–child relationships show substantial
changes during the teen years and remain important in shaping
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dolescents’ psychological functioning (De Goede et al., 2009;
am et al., 2012). Using a longitudinal neuroimaging approach,
he current study identiﬁed the neural correlates through which
ositive parent–child relationships reduce adolescent risk tak-
ng. Increases in positive parent–child relationships contributed to
eclines in adolescent risk taking, which was mediated by longi-
udinal decreases in the ventral striatum to rewards during risk
aking.
Previous studies have suggested the important role of positive
arent–child relationships in reducing adolescent risk taking. For
xample, greater parental support and child disclosure are related
o lower problem behavior and delinquency (Jessor et al., 2003;
tattin and Kerr, 2000). Similarly, lower parent–child conﬂict is
ssociated with less externalizing symptoms, conduct problems,
nd antisocial behavior (Burt et al., 2006; Klahr et al., 2011a,b). In
ine with these studies, adolescents who reported increases in their
ositive parent–child relationships in the present study showed
ongitudinal decreases in their risk taking as indicated by less risky
ehavior on the BART over time. This ﬁnding contributes to the rich
iterature revealing that positive parent–child relationship quality
eneﬁts adolescents’ psychological adjustment. Importantly, dur-
ng a time when family relationships tend to show declines in
ohesion (Tsai et al., 2013), and adolescents tend to show increases
n risk-taking behavior (Steinberg, 2004), improvements in the
uality of family relationships may  serve an important buffering
ole. These ﬁndings can contribute to interventions designed at
ecreasing adolescent risk taking. By improving adolescents’ per-
eptions of their family relationships, youth may  ﬁnd risk taking to
e comparatively less rewarding and subsequently engage in less
roblem behavior.
A lot of attention has been paid to how early parent–child
elationships affect adolescents’ neural reactivity. For example,
revious research suggests that early maternal deprivation and
evere parental neglect or abuse in early postnatal development
s associated with altered ventral striatum activity during adoles-
ence (Goff et al., 2013; Hart and Rubia, 2012; Mehta et al., 2010).
owever, we know little about how relatively normative changes
n parent–child relationships during later development affect ado-
escents’ neural reactivity. This is an important limitation given
hat adolescence is a time of change in interpersonal relation-
hips, neural development, and behavioral functioning. Although
rior studies suggest that the presence of parents or peers modify
dolescents’ reward-related reactivity during risk-taking settings
Chein et al., 2011; Telzer et al., in press), few studies have exam-
ned how the quality of adolescents’ interpersonal relationships
nﬂuence such processes (for the effect of peer support, see Telzer
t al., 2015). More importantly, no prior research has examined
ow adolescents’ social environment inﬂuences their neural devel-
pment by using a longitudinal fMRI approach. To address this gap,
he present study focuses on individual differences in parent–child
elationship quality and how changes in relationship quality are
ssociated with changes in adolescents’ neural reactivity to rewards
uring risk taking.
In the present study, the link between changes in positive
arent–child relationships and trajectories of adolescent risk tak-
ng was mediated by changes in adolescents’ neural sensitivity to
ewards during risk taking. Speciﬁcally, adolescents who reported
ncreases in their positive parent–child relationships showed lon-
itudinal decreases in ventral striatum activation over time, a
eural region that codes for reward value (Delgado et al., 2000;
nutson et al., 2000). Moreover, decreases in ventral striatum
ensitivity were associated with declines in risk-taking behavior.
n contrast, adolescents who reported decreases in their positive
arent–child relationships (as evidenced by the left panel of the
catterplot in Fig. 3a) showed longitudinal increases in ventral stri-
tum activation over time, which were associated with increases Neuroscience 15 (2015) 26–34
in their risk-taking behavior. These ﬁndings suggest that increased
negative family relationships may  sensitize adolescents toward
experiencing risk taking as subjectively more rewarding, resulting
in greater engagement in risky decisions making. These effects are
in line with prior studies showing that ventral striatum activation
to reward anticipation and receipt is related to greater risk taking
(e.g., Galván et al., 2007). Although we interpret ventral striatum
activity to cash-outs as representing neural reactivity to reward
value, it is also possible that this event represents risk avoidance
given that participants decided not to engage in more risk taking.
In this sense, this event may  model the processing of threat of loss.
However, we found that greater increases in ventral striatum acti-
vation during cash-outs were associated with greater increases in
risk taking, suggesting that this event is sensitive to greater risk
behavior rather than risk avoidance. Although ventral striatum is
also involved in the processing of punishment (Delgado, 2007), our
ﬁnding is consistent with prior studies showing that greater ventral
striatum activation to reward anticipation and receipt is related to
greater risk taking (e.g., Galván et al., 2007).
Our ﬁndings suggest that adolescents’ experience of positive
parent–child relationships plays a key role in modulating their
neural processing to rewards. Decreased positive parent–child rela-
tionships may  expose adolescents to a less supportive environment
in which adolescents receive less positive feedback from their par-
ents. In order to compensate for the lack of social rewards at home,
adolescents may  try to seek out more rewards outside the family
and therefore feel more rewarded when they engage in risk taking.
On the other hand, increases in positive parent–child relationships
provide adolescents with a supportive environment, which may
dampen adolescents’ subjective sensitivity to rewards during risk
taking. Adolescents in high quality homes may  ﬁnd risk taking to
be comparatively less rewarding and therefore show declines in
ventral striatum activation over time. In addition to capturing sup-
port and low conﬂict, our measure included adolescent’s voluntary
disclosure to their parents. Given that adolescents spend increas-
ingly less time with their parents (Larson et al., 1996), adolescents’
more voluntary disclosure of their activities may  provide opportu-
nities for parents to give them advice and supervision, helping them
minimize the rewarding nature of risk taking. Therefore, changes
in parent–child relationships may  affect adolescent risk taking via
altering the reward system over time.
During the teen years, children experience a variety of changes
in their brain development, behavior, and social relationships
(Casey et al., 2008; Collins and Steinberg, 2006; Nelson et al.,
2005). Risk taking and neural activity to rewards do not necessar-
ily undergo a uniﬁed developmental trajectory. As we show in the
present study, there are important individual differences in tra-
jectories of adolescent risk-taking behavior and ventral striatum
activity. Some adolescents show increases in their risk taking and
ventral striatum activity over time, while others show decreases.
Individual differences in such changes provide a window to under-
stand different developmental pathways. Although cross-sectional
studies provide rich insights into the concurrent links between ado-
lescent brain, behavior, and their environment, such designs are
unable to capture the dynamic nature of adolescence. Therefore, it
is important to examine longitudinal changes in these processes
in order to capture how relationships and neural development
change and covary together. The current study used a longitudinal
approach to measure changes in parent–child relationships, risk
taking, and neural processing to rewards. By focusing on individual
differences in developmental trajectories, the present study pro-
vides novel evidence into the neural correlates by which changes in
parent–child relationships are associated with changes risk taking.
Parent–child relationships are only one of many environmen-
tal and contextual variables that may  inﬂuence adolescent risk
taking. Other factors, such as afﬁliation with antisocial peers and
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ngagement in drugs may  also play a role in affecting trajectories
f adolescent risk taking over time (Monahan et al., 2009; Tapert
t al., 2001). It is also possible that greater decreases in positive
arent–child relationships may  incur other negative consequences,
uch as afﬁliation with antisocial peers and engagement in drugs,
hich all contribute to greater adolescent risk taking (Brook et al.,
990; Kim et al., 1999). Guided by previous longitudinal stud-
es, we hypothesized that changes in parent–child relationships
ontribute to changes in adolescent risk taking. However, it is
lso possible that an increase in adolescent risk-taking behavior
esults in impairments in parent–child relationships. Some other
ariables, such as adolescents’ maturational and pubertal changes,
ay  also inﬂuence family relationships and they need to be taken
nto account in future research. In addition, although we used a
omprehensive variable by combining three important aspects of
arent–child relationships, future studies should also capture other
spects of parent–child relationships, such as attachment security
nd parental warmth, and examine how these factors play a role in
dolescents’ neural development and risk-taking behavior. More-
ver, our assessment of parent–child relationships is based on child
eport, which reﬂects children’s perceptions of parent–child rela-
ionships. It is possible that changes in children’s perceptions, but
ot changes in objective parent–child relationships, inﬂuence ado-
escents’ neural reactivity to rewards and their risk taking behavior.
arent report on parent–child relationships are needed in future
tudies to provide a more objective and nuanced assessment of the
uality of youths’ family relationships. Finally, given that our par-
icipants were recruited from a low-SES community, they may  have
sychopathology despite not reporting it. Caution should be taken
hen interpreting the ﬁndings of the present study given the small
ample size.
Despite these limitations, our ﬁndings have important practi-
al implications for intervention, highlighting the important role of
ositive parent–child relationships in affecting adolescents’ neural
ensitivity to rewards and subsequent risk-taking behavior. During
 time when adolescents’ perceptions of the quality of their family
elationships tend to show declines (Tsai et al., 2013), clinicians,
eachers, and families should focus on ways to provide adolescents
ith a more supportive and less hostile family environment in
hich adolescents are willing to disclose to their parents. By focus-
ng on ways of promoting positive parent–child relationships, the
ubstantial increase in adolescent risk taking may  be minimized.
uch an approach can help families experience high quality rela-
ionships and provide positive feedback to adolescents, which may
rotect them from seeking external rewards by engaging in risk-
aking behavior.
In conclusion, the current study provides novel evidence on the
mportant role of positive parent–child relationships on adoles-
ents risk taking. Longitudinal increases in positive parent–child
elationships over the teen years were associated with dampened
entral striatum sensitivity during risk taking, which contributed
o their reduced risk-taking behavior over time. This ﬁnding high-
ights the key role of neural reactivity to rewards in the process
hrough which parent–child relationships contributes to adoles-
ent risk taking.
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